Blood flow reduction induces inward remodeling of resistance arteries (RAs). This remodeling occurs in ischemic diseases, diabetes and hypertension. Nonetheless, the effect of flow reduction per se, independent of the effect of pressure or metabolic influences, is not well understood in RA. As angiotensin II is involved in the response to flow in RA, we hypothesized that angiotensin II may also be involved in the remodeling induced by a chronic flow reduction. We analyzed the effect of angiotensin I-converting enzyme inhibition (perindopril) and angiotensin II type 1 receptor blockade (candesartan) on inward remodeling induced by blood flow reduction in vivo in rat mesenteric RAs (low flow (LF) arteries). After 1 week, diameter reduction in LF arteries was associated with reduced endothelium-dependent relaxation and lower levels of eNOS expression. Superoxide production and extracellular signal-regulated kinases 1/2 (ERK1/2 phosphorylation were higher in LF than in normal flow arteries. Nevertheless, the absence of eNOS or superoxide level reduction (tempol or apocynin) did not prevent LF remodeling. Perindopril and candesartan prevented inward remodeling in LF arteries. Contractility to angiotensin II was reduced in LF vessels by perindopril, candesartan and the ERK1/2 blocker PD98059. ERK1/2 activation (ratio phospho-ERK/ERK) was higher in LF arteries, and this activation was prevented by perindopril and candesartan. ERK1/2 inhibition in vivo (U0126) prevented LF-induced diameter reduction. Thus, inward remodeling because of blood flow reduction in mesenteric RA depends on unopposed angiotensin II-induced contraction and ERK1/2 activation, independent of superoxide production. These findings might be of importance in the treatment of vascular disorders.
INTRODUCTION
Angiotensin II is a vasoactive hormone-inducing vasoconstriction, 1 cell growth 2 and migration, as well as extracellular matrix deposition. 3 Angiotensin II also has a central role in the functional and structural integrity of the vascular wall and in the pathogenesis of cardiovascular disease. 4, 5, 6 Chronic changes in blood flow occur in physiological conditions such as exercise, pregnancy and postnatal development, as well as in pathological conditions such as arterial occlusive diseases, diabetes and hypertension. 7, 8 These changes in flow induce remodeling of the vascular wall to adapt arterial wall strain to the new hemodynamic conditions, as described in large 9 and small (resistance) arteries. 7, 8 In large arteries, a chronic reduction in blood flow induces inward remodeling associated with intimal invasion. 9 In small resistance arteries (RAs), a chronic reduction in blood flow induces inward remodeling without intimal invasion. Indeed, this remodeling is the consequence of the unbalanced arterial contractility resulting from reduced stimulation of the endothelium by flow-generated shear stress. This contraction is then stabilized by the activation of tissuetransglutaminases. 10 Using mice lacking tissue angiotensin I-converting enzyme, Hilgers et al. 11 showed that this enzyme has a major role in hyperplasic inward remodeling of the carotid artery after blood flow cessation. In mesenteric RAs, we have previously shown that acute stimulation of the endothelium by flow (shear stress) induces vasodilation, which is modulated by the local production of angiotensin II. 12, 13 Furthermore, we found that angiotensin II activation through type 2 receptor (AT2R) activation is directly involved in flowmediated dilation. 12, 14, 15 We have also shown that angiotensin II induces hypertrophy through its type 1 receptor (AT1R) and extracellular signal-regulated kinase (ERK)1/2 activation, without being involved in diameter enlargement, in RAs submitted chronically to increased blood flow. 16 Thus, in response to a chronic rise in flow, diameter increases because of activation of the NO-cGMP pathway, 17 and wall mass increases after activation of AT1R and ERK1/2. 16 However, inward remodeling because of a chronic decrease in flow involves a different mechanism, defined primarily by over activity of the contractile agents because of flow (shear stress) reduction.
We hypothesized that angiotensin II has a role in inward remodeling because of blood flow reduction, as locally produced angiotensin II may remain unbalanced after blood flow reduction. We also tested the role of superoxide anions and ERK1/2 in inward remodeling, as these molecules are involved in angiotensin II-mediated contraction in mesenteric RAs 18 as well as in cell migration. 19 We used a model previously described in rats 20, 21 and mice, 22, 23 which allows comparison of RAs submitted to low blood flow to adjacent arteries with normal flow (NF) in the same physiological conditions in vivo, without changes in hemodynamic conditions or hormonal environment. It should be noted that, in this model, flow decreases without changes in blood pressure or hemodynamic environment. Thus, flow (shear stress) decreases without any change in arterial wall strain, as observed in hypertension, whereas in models of hypertension, both pressure and flow are affected. The involvement of flow, per se, in inward remodeling remains enigmatic. We tested the role of angiotensin II in this remodeling through the use of angiotensin I-converting enzyme inhibition with perindopril and AT1R blockade with candesartan. Hydralazine was used as a control nonspecific vasodilator treatment. 24 
METHODS Animals
Twelve-week-old Wistar rats (Iffa-Credo, L'Arbresle, France) were anesthetized (isoflurane, 2.5%) and pretreated with buprenorphine (Temgesic; 0.1 mg kg -1 , subcutaneous). A loop of intestine was then exposed, and local mesenteric artery blood flow was surgically reduced, as previously described. 17 Briefly, second-order arterial branches were ligated with 7-0 surgical silk threads to reduce flow in the first-order feeding artery (low flow (LF) artery). Control (NF) vessels were other first-order mesenteric arteries obtained from the same animal.
Rats were treated with perindopril (2 mg kg -1 per day; n¼12 rats), candesartan (2 mg kg -1 per day; n¼12 rats), hydralazine (200 mg l -1 per day in drinking water; n¼12 rats) or tap water (control group, n¼12) for 1 week. Treatments were started 1 day before surgery.
In another series of experiments, rats were treated with the SOD-mimetic tempol (4-hydroxy-2,2,6,6-tetramethyl piperidinoxyl; 20 mg kg -1 per day; n¼8 rats), with the NAD(P)H-oxidase inhibitor apocynin (50 mg kg -1 per day in drinking water; n¼8 rats) or with the ERK1/2 inhibitor U0126 (1,4-diamino-2,3-dicyano-1,4-bis (2-aminophenylthio) butadiene; 30 mg kg -1 per day, subcutaneous; n¼8 rats).
In another group of experiments, mice lacking the gene coding for eNOS (eNOSÀ/À) and their controls (+/+) (n¼6 per group) were subjected to the protocol described above.
After 7 days, rats were re-anesthetized, and arterial blood pressure was measured in the left femoral artery. 25 The animals were then killed by CO 2 inhalation. The gut was excised, and the mesenteric arteries were dissected as previously described. 26 Each arterial segment was divided into two parts, proximal for the functional study and distal for histological and biochemical analyses.
The procedure followed for the care and the euthanasia of the study animals was in accordance with the European Community Standards on the Care and Use of Laboratory Animals (Ministère de l'Agriculture, France, authorization no. 6422), and the protocol was approved by the Regional (Pays de la Loire) Ethical Committee.
Isolated mesenteric artery
Segments of mesenteric arteries (2 mm long) were dissected and mounted on a wire-myograph (DMT, Aarhus, Denmark) as previously described. [27] [28] [29] Briefly, two tungsten wires (25 mm diameter) were inserted into the lumens of the arteries and fixed to a force transducer and a micrometer. Arteries were bathed in a physiological salt solution maintained at 37 1C, pH 7.4 (pO 2 160 mm Hg, pCO 2 37 mm Hg). 30 Wall tension was applied as previously described. 31 In brief, arteries were set to the baseline circumference L 0 , where L 0 ¼0.9L 100 is the internal circumference that the artery would have in vivo when relaxed and under a transmural pressure of 100 mm Hg. The near-maximal active wall tension of the vessel is developed at this circumference. Vessels were then allowed to stabilize for 1 h. Artery viability was tested using a potassium-rich solution (80 mmol l -1 , 80K physiological salt solution). Angiotensin II (10 nmol l -1 ), the thromboxane A 2 stable mimetic U46619 (1 mmol l -1 ) or phenylephrine (PE; 1 mmol l -1 ) was then added to the bath to measure arterial contractility. Acetylcholine (Ach; 1 nmol l -1 -10 mmol l -1 )-induced relaxation was then obtained after PE-induced preconstriction (50% of maximal contraction).
In a separate series of experiments, arteries were pretreated with the ERK1/2 blocker PD98059 (10 mmol l -1 ) before inducing contraction with angiotensin II (10 nmol l -1 ) or PE (1 mmol l -1 ).
Histology
A segment of each mesenteric artery was dissected, cannulated at one end and ligated at the other end. The artery was then bathed in Ca 2+ -free physiological salt solution containing 10 À5 mol l -1 sodium nitroprusside. Pressure was set at 75 mm Hg, and the artery was fixed in a 10% buffered formaldehyde solution as previously described. 32 Cross-sections (10 mm) were stained with orcein. The external diameter, lumen diameter and media thickness were determined after image acquisition (Olympus T100 microscope Olympus France, Rungis, France, Sony camera, Sony, Rungis, France) and analyzed using the Histolab software (Microvision, Paris, France) for calculations of cross-sectional area, as previously described. 33 Western blot analysis of eNOS, AT2R, AT1R, p38, p42 and p44
Arterial tissues from two rats were pooled (two first-order arteries for NF and four for LF) and then homogenized, as previously described. 17 Proteins (20 mg of total protein from each sample) were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (Mini gel protean II system (Bio-Rad, Marnes la Coquette, France), 100 V, with 300 ml of 25 mmol l -1 Tris, 192 mmol l -1 glycine and 0.1% sodium dodecyl sulfate), using a 4% stacking gel followed by an 8% running gel. After migration, proteins were transferred (40 V, overnight at 4 1C, with 800 ml of 25 mmol l -1 Tris, 192 mmol l -1 glycine, 0.01% sodium dodecyl sulfate and 20% methanol) to PVDF blotting membranes (Amersham, Saclay, France). Membranes were then washed in TBS-T buffer (composed of 10 mmol l -1 Tris/base pH 7.5, 0.1 mol l -1 NaCl, 1 mmol l -1 EDTA and 0.1% Tween 20) and blocked for 2 h at room temperature (10% bovine serum albumin in TBS-T). Membranes were incubated for 90 min at room temperature with the primary antibody (Transduction Laboratories, Franklin Lakes, NJ, USA: eNOS, p38, phospho-p38, p42, p44, phospho p42/ p44 and Santa Cruz Biotechnology, Santa Cruz, CA, USA: AT2R and AT1R), washed again (three times for 10 min), and incubated with either anti-mouse or anti-rabbit peroxidase-conjugated antibody (Amersham) in TBS-T. Membranes were washed (three times for 10 min), and labeling was visualized using the ECL-Plus Chemiluminescence kit (Amersham). 34 Detection of reactive oxygen species (ROS) using confocal microscopy in RAs
Superoxide detection was performed on transverse cross-sections (7 mm thick) incubated with dihydroethydine as previously described. 35, 36 Positive staining was visualized using confocal microscopy and QED-image software (Solamere Technology, Salt Lake City, UT, USA). Image analysis was performed using Histolab (Microvision). Pixel quantification was executed as previously described. 14 Sections of mesenteric artery treated for 2 h with lipopolysaccharide in vitro at 37 1C in a physiological salt solution served as a positive control.
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Statistical analysis
Results are expressed as means±s.e.m. Significance of the difference between arteries was determined by analysis of variance (one-factor analysis of variance or analysis of variance for consecutive measurements, when appropriate). Means were compared by paired t-test or by the Bonferroni test for multigroup comparisons. Values of Po0.05 were considered to be significant.
Drugs
Candesartan was kindly provided by Astra-Zeneca (Göteborg, Sweden) and Perindopril by Servier (Paris, France). U0126 was purchased from LC Laboratories (Woburn, MA, USA). Other compounds were purchased from Sigma-Aldrich (Lyon, France).
RESULTS

Animals
Mean arterial blood pressure (101±4 mm Hg in control rats, n¼12) was not significantly affected by hydralazine (99±5 mm Hg, n¼12), candesartan (103 ± 5 mm Hg, n¼12), perindopril (94 ± 6 mm Hg, n¼12), tempol (103 ± 4, n¼8), apocynin (105 ± 6 mm Hg, n¼8) or U0126 (96±7 mm Hg, n¼8).
Arterial diameter and cross-sectional area
In NF arteries, internal diameter was not significantly modified by perindopril, candesartan or hydralazine (Figure 1a) . Arterial Endothelium-dependent relaxation and eNOS expression level Ach induced a significant concentration-dependent relaxation of NF and LF arteries (Figure 2a) . Ach-induced relaxation in NF was not affected by hydralazine or candesartan and was enhanced by perindopril. Indeed, Imax, but not IC 50 , was increased by perindopril (Figures 2b and c) . In LF arteries, Ach-induced relaxation was significantly lower than in NF arteries in control arteries (the Imax decreased but the IC50 did not, Figures 2b and c) . In rats treated with perindopril or candesartan, Ach-induced relaxation was equivalent in NF and LF arteries and significantly higher than in control NF arteries.
In NF arteries, the eNOS expression level was not significantly affected by perindopril, candesartan or hydralazine. The expression level of eNOS was lower in LF arteries than in NF vessels (Figure 3a) . In LF arteries from perindopril-or candesartan-treated rats, the eNOS expression level was not significantly different from that in NF arteries. However, eNOS expression was significantly higher than eNOS expression in LF vessels.
To assess the role of a drop in eNOS expression on the LF-induced reduction in diameter, we submitted the mesenteric RAs of eNOS KO mice to ligation. The absence of eNOS did not affect the decrease in diameter or the cross-sectional area in LF arteries (Figures 3b and c) .
Role of ROS in remodeling Superoxide production was significantly higher in LF as compared with NF arteries in control rats (Figure 4a and candesartan significantly reduced superoxide production in LF arteries, although in LF arteries from perindopril-and candesartantreated rats, superoxide levels remained significantly higher than in NF arteries (Figure 4a) .
To test the role of superoxide in the diameter reduction of LF arteries, rats were treated chronically with the SOD mimetic tempol or with the NAD(P)H-oxidase inhibitor apocynin. These treatments did not prevent the decrease in diameter, but they did induce a reduction in media cross-section in LF arteries (Figures 4b and c) .
Vasoconstrictor tone
As the LF-associated reduction in diameter was attributed to unopposed vasoconstrictor tone, we measured contraction induced by KCl (80 mM), U46619 (1 mmol l -1 ), PE (1 mmol l -1 , Figure 5a ) and angiotensin II (10 nmol l -1 , Figure 5b ) in LF vessels. In isolated NF and LF arteries, KCl, U46619 PE and angiotensin II induced a significant contraction.
In NF arteries, the contraction induced by PE was not modified by perindopril, candesartan or hydralazine (Figure 5a) . Similarly,
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Surface ( contraction induced by KCl and U46619 was not affected by any of the drugs (data not shown). In the same arteries, the contraction induced by angiotensin II was not modified by chronic treatment with perindopril or hydralazine, but it was reduced by chronic candesartan treatment (Figure 5b) . In LF arteries, the contraction induced by PE but not that induced by angiotensin II was significantly lower than in NF vessels (Figures 5a  and b) . The contraction induced by KCl (8.2 vs 5.1 mN, Po0.01) and by U46619 (9.2 vs 5.6 mN, Po0.01) was also weaker in LF as compared with NF arteries. Perindopril, candesartan and hydralazine did not affect PE- (Figure 5a ), KCl-(data not shown) or U46619-induced contraction (data not shown) in LF arteries. Angiotensin II-mediated contraction was significantly reduced in LF arteries from perindopriland candesartan-treated rats, as compared with controls ( Figure 5b , right panel). Hydralazine did not affect angiotensin II-mediated contraction in LF arteries.
The expression of angiotensin II receptors AT1R (Figure 5c ) and AT2R (Figure 5d ) was higher in LF than in NF arteries. Perindopril and hydralazine did not significantly affect the level of expression in NF and LF arteries. In contrast, candesartan increased AT1R and AT2R levels in both vessels.
As we have previously shown 16 that angiotensin II-induced contraction was mediated by the activation of ERK1/2 in mesenteric RAs, we tested the effect of ERK1/2 blockade on vascular contractility in LF arteries. Indeed, the inhibition of ERK1/2 by PD98059 decreased angiotensin II-induced contraction in NF arteries and suppressed the phenomenon in LF vessels (Figure 6a ).
Mitogen-activated protein kinase activation
The ratio of phospho-ERK1/2 to ERK1/2 (p42 and p44) was significantly higher in LF arteries compared with NF arteries (Figure 6a) . Similarly, the phospho-p38/p38 ratio was also higher in LF than in NF arteries in all study groups (Figure 6b) .
In LF arteries, ERK1/2 activation (phospho-ERK1/2 to ERK1/2 ratio) was lower in rats treated with perindopril or candesartan as compared with control rats (Figure 6a ). Perindopril, candesartan and hydralazine did not affect the phospho-p38/p38 ratio in LF arteries ( Figure 6c) .
As perindopril and candesartan reduced ERK1/2 activation through a chronic decrease in flow while ERK1/2 inhibition preferentially reduced angiotensin II-induced contraction, we tested the effect of a chronic blockade of ERK1/2 on LF-mediated remodeling. The ERK1/2 inhibitor U0126 was administered to rats submitted to mesenteric artery ligation. This treatment prevented an LF-related reduction in diameter. Indeed, in U0126-treated rats arterial diameter was similar in LF and NF arteries (Figure 7a) , suggesting that the treatment prevented changes in diameter. Cross-section was not affected in NF vessels, whereas this parameter was reduced in LF arteries from U0126-treated rats (Figure 7b ).
DISCUSSION
The model used allows the study of comparable RAs submitted to low or normal blood flow in vivo without changes in physiological hemodynamic conditions, in rats and mice. 17, 20, 22, 23 A reduction in blood flow induces a reduction in diameter, with or without arterial wall hypotrophy, decreased endothelium (NO)-dependent dilation and reduced contractility. 20, 22, 23, 32, 33, 37 In addition to being a model that mimics the remodeling that occurs in hypoperfused tissues, LF remodeling has been shown to be equivalent to the eutrophic inward remodeling observed in several types of hypertension, such as endothelin-1-dependent hypertension and L-NAME-induced hypertension. 10 The main finding of this study is that the diameter reduction because of a decrease in blood flow in RAs was prevented by perindopril and candesartan, but not by hydralazine, suggesting selective involvement of angiotensin II and of its AT1R. The AT2R was not involved in this remodeling (see Supplementary information).
This remodeling was associated with reduced Ach-dependent dilation and decreased eNOS protein expression. Similarly, in LF arteries bradykinin type 2 receptor expression was decreased, whereas bradykinin type 1 receptor was unaffected (see Supplementary information). Both perindopril and candesartan but not hydralazine prevented the decrease in endothelium-dependent dilation and in eNOS expression level in LF arteries. Nevertheless, these effects cannot explain why both drugs prevented the decrease in diameter because LF artery diameter reduction was not prevented in mice lacking the gene coding for eNOS. This finding is in agreement with our previous study. Furthermore, the absence of eNOS did not affect wall mass. In a previous study, 17 we showed that chronic treatment of the rats with the NO synthesis blocker L-NAME did not prevent the diameter reduction in LF arteries and did not affect the medial surface. Nevertheless, both perindopril and candesartan improved endotheliumdependent dilation in LF arteries, in addition to preventing the reduction in diameter. This is in agreement with previous reports showing the positive effect of blocking the converting enzyme or the AT1R on endothelial function. 38 ROS have a key role in the signaling pathways activated by angiotensin II in vascular cells. Therefore, we tested the involvement of ROS in LF remodeling. Indeed, we found that ROS production was increased in LF arteries compared with NF vessels. In rats chronically treated with perindopril, candesartan and hydralazine, ROS levels were reduced in LF arteries. Although hydralazine was the most efficient in reducing ROS levels in LF arteries, it did not affect the reduction in diameter, in contrast with perindopril and candesartan, suggesting that ROS might not be involved in this remodeling. This was confirmed in rats chronically treated with two different antioxidants, tempol and apocynin. Neither tempol nor apocynin affected the diameter reduction in LF arteries, confirming that ROS have no major effect in the process. In contrast, a significant reduction in media cross-sectional area was observed in LF arteries from rats treated with tempol or apocynin. This is in agreement with previous CONT  CONT  CONT  CONT  PD98  PD98  PD98  PD98   CONT TCV  HYD  PER  CONT TCV  HYD  PER   CONT TCV  HYD  PER  CONT TCV  HYD  PER   CONT PER HYD CONT PER HYD CONT TCV TCV CONT Figure 6 Effect of blocking ERK1/2 with PD98059 (10 mmol l -1 ) on PE-and angiotensin II-induced contraction (a). Activation (ratio of the phosphorylated form per total) of mitogen-activated protein (MAP) kinases ERK1/2 (p42 and p44) and p38 (b) in mesenteric RAs exposed to a chronic decrease in blood flow (LF), as compared with NF arteries. Rats were treated with perindopril (PER), candesartan (TCV), hydralazine (HYD) or water (CONT: control). The lower panel shows typical blots of ERK1/2 (p44) and -actin. Means ± s.e.m. are presented (n¼12 rats per group). *Po0.05, LF vs. NF # Po0.05, TCV, PER or HYD, compared with CONT.
studies showing that the growth and proliferative activity induced by angiotensin II involve ROS generation. 39 Finally, the rise in superoxide production in LF arteries might result from the initial macrophage infiltration after the decrease in blood flow. 40 As previously shown, 41 inward remodeling because of LF depends on the unopposed constrictor tone after the reduction in flow. Vasoconstrictor tone in RAs relies in large part on locally produced angiotensin II. 12, 15, 42, 43 In LF arteries, angiotensin II-induced contraction was strongly reduced in rats treated with perindopril or candesartan, but not in rats treated with hydralazine. In addition, both AT1R and AT2R expression levels were higher in LF as compared with NF arteries. Nevertheless, we may exclude a role of the AT2R in LF remodeling because chronic treatment with the AT1R blocker PD123319 or the absence of AT2R in mice did not prevent the reduction in diameter (see Supplementary information).
We have previously shown that angiotensin II-mediated contraction through the AT1R in mesenteric RAs requires ERK1/2 activation, 13 and we found in this study that acute ERK1/2 blockade with PD98059 strongly reduced angiotensin II-induced contraction in LF arteries. In addition, we found that ERK1/2 phosphorylation was higher in LF than in NF arteries. Mitogen-activated protein kinase activity was not affected by perindopril, candesartan or hydralazine in NF arteries. However, in LF vessels, mitogen-activated protein kinase activity was decreased by perindopril and candesartan only. In addition, p38 phosphorylation was activated but not affected by the treatments.
Thus, unbalanced local vasoactive systems, mainly angiotensin II, 42 increase the activation of ERK1/2 and p38 in LF arteries. Nevertheless, angiotensin II and the activation of ERK1/2 seem to have the central role in the diameter reduction induced by the chronic decrease in blood flow.
Interestingly, in a previous work, we showed that in response to a chronic increase in flow, angiotensin II induces hypertrophy (through AT1R) without eliciting any change in diameter, 16 whereas this study shows that in response to a decreased flow, angiotensin II controls the diameter change without obvious effects on wall mass. Thus, in ischemia (with reduced flow in ischemic tissues and a rise in flow in the surrounding tissues), blocking the AT1R might have a doubly beneficial effect, preventing any reduction in diameter in the ischemic zone and reducing hypertrophy in the feeding arteries that are sometimes recruited to vascularize the ischemic tissue.
The findings of this study are important with regard to pathological situations involving RA remodeling. In most cardiovascular and metabolic diseases, arterial remodeling occurs in association with changes in pressure and/or local blood flow. This is, for example, the case in hypertension, 44 diabetes 45 and in ischemic diseases. 46 This study shows that the reduction in flow (shear stress), independent of pressure, induces inward remodeling through activation of angiotensin II and ERK1/2.
Treatment of cardiovascular diseases often involves ACEI or AT1R-blockers. Their effect on flow-mediated remodeling of RAs might present an advantage over other drug classes.
In conclusion, these findings show that in RAs, the diameter reduction because of chronic blood flow reduction involves local expression of angiotensin II. These findings provide further evidence that ACEI or AT1R-blockers might be helpful in the treatment of ischemic diseases. Angiotensin II in flow remodeling C Baron-Menguy et al
